Abstract. ZrO2 coatings deposited on 316 L stainless steel sheets were synthesized by sol-gel method using Zr(OC3H7)4 as precursor and isopropanol, glacial acetic acid, and water as solvents for application with ultrasounds. Different solutions for dip-coating were prepared with compositions varying between 0.025 and 0.9 tool/din 3 of ZrO2. X-ray diffraction shows that the films densified at 800°C are crystalline with a tetragonal structure. The thickness of the coatings varied from 0.35-0.75 /zm. The influence of the ZrOz coatings on the corrosion behavior of stainless steel substrates in aqueous NaCI was studied through potentiodynamic polarization curves at 1 mV/s. The values of the electrochemical parameters allow for an explanation of the role of the films in the increased resistance of steel against corrosion in moderately aggressive environments.
Introduction
Sol-gel methods are now widely used for preparing inorganic materials from solutions containing metal compounds such as metal alkoxides, metal acetylacetonates, inorganic compounds, etc., with water as hydrolysing agent and alcohols as solvent [1, 2] . The fabrication of films via these methods offers potential advantages over traditional techniques such as low temperature processing, easy coating of large surfaces, easy adjustment of films thickness, high optical quality, low cost of processing infrastructure, large variety of deposition techniques (dip-, spin-, and spray-coating and electrophorese), etc. [3] [4] [5] .
The chemical processing and the technical applications of sol-gel films have been recently reviewed by Schmidt [6] and Sakka and Yoko [7] , respectively. A great variety of coating films have already been prepared by the sol-gel methods, and their properties have been used or proposed for various purposes which encompass applications in optical, electronic, optoelectronic, photonic, biotechnological, chemical, and mechanical fields.
The preparation and characterization of solgel films having specific chemical functions have been scarcely studied. Sol-gel films of TiO2 [8, 9] , SrTiO3 [10] , BaTiOa [10] , o~-FezOa [11] , and NiFe204 [12] compositions exhibit interesting photoelectrochemical properties as catalysts for hydrogen generation by decomposition of water. A1203:Pt [13] ; TiOz:Pd [14] ; and SiO2 (TiO2 or AI2Oa): Fe, Co, or Ni [15] [16] [17] are promising for catalysis application. The main efforts, however, have been realized in the field of chemical protection against acid and air corrosion, which cost millions of US dollars to society annually. Films such as AlzOa [18] , Si-O-N, and SiaN4 [19, 20] can be used for semiconductor passivation. SiO2 is well known to prevent alkali diffusion and may be used as an intermediate coating between alkali glass and another functional coating [21] or to protect Si wafers [22] . TiO2-CeO2 [23, 24] , SiO2-TiO2-ZrO2 [25] , and TiO2-B203 [26] have been used to protect glasses, and SiO2, SIO2-A1203, TiO2, and SiO2-B203-AI2Oz-BaO have been shown to offer good corrosion protection for Ag mirrors [27] . The prevention of chemical corrosion and oxidation of mild steel, carbon steel, and various types of stainless steel has been tested with SiO2 [28] , SIO2-B203 [29, 30] , mulite (2SIO2-3A1203) [31] , ZrO2 [32] [33] [34] [35] [36] [37] , MTOS [38] , and ZrO2-CeO2 [39] . All these coatings increase the protection of metal substrates from air ox-idation (tested up to 800°C) and acid attack (tested up to 90°C).
The corrosion protection is strongly dependent on the thickness of the film and its structural quality. The presence of cracks and pores definitively degrades its efficiency. The most promising prevention for stainless steel so far has been reported by Atik, Aegerter, and Zarzycki using ZrO2, TiO2-SiOe, SIO2-A1203, and TiO2-CeO2 coatings [32, 33, 35, 40] . These coatings have been fabricated by a dip-coating technique using a sol preparation envolving sonocatalysis. The characterization performed by measuring the weight loss (H2SO4 corrosion) and weight gain (air oxidation) of small sheets (2 x 4 cm 2) has shown excellent results even at high temperature.
In this paper we present the results of a systematic electrochemical corrosion study of ZrO2 films prepared by the same procedures and deposited on stainless steel 316 L, a material widely used for marine and chemical industry environments [41] . The corrosion characteristics of the samples, either bare stainless steel or coated with ZrO2 of different thickness, were evaluated through potentiodynamic polarization curves obtained in aqueous NaC1 solutions at room temperature and through analysis of the relevant electrochemical parameters.
Experimental

Substrate
The substrate used was 316 L stainless steel of composition (wt.%): 67.25 Fe, 18.55 Cr, 11.16 Ni, 2.01 Mo, 0.026 Cu, 0.15 Si, and 0.028 C. Samples (3.0 x 1.5 x 0.1 cm) were mechanically cut from large foils and then degreased ultrasonically in acetone.
Preparation of the Films
Zirconium propoxide Zr(OC3HT)4 was used as source of zirconia.
The sol was prepared by dissolving the alkoxide in isopropanol (C3HTOH), to which a small amounts of acetic acid (CHaOOH) and excess water were added to complete the hydrolysis. The concentration of the starting alkoxide solutions varied between 0.025, and 0.9 mol/l ZrO2. The volume ratios H20/C3HrOH and H20/CH3COOH were 1 and 2, respectively. The mixture was submitted to ultrasonic irradiation (sonicator W 385 Heat Systems-Ultrasonics, Inc., 20 KHz). After 20 min, the liquid became homogeneous and transparent; the sols were found stable for up to four weeks at room temperature when kept in a closed vessel.
Dip-coated samples were prepared by withdrawing the substrates from the sonosolutions at a constant rate of 10 cm/min. The resulting gel films were dried at 40°C for 15 minutes and then thermally treated at a rate of 5°C/min with two isothermal holdings, the first at 400°C for 1 hour and the second at 800°C for 2 hours.
The thickness of ZrO2 coatings after heat treatment in air at 800°C for 2 hours varied beween 0.35 #m and 0.75 /zm, depending on the sol concentration. ZrO2 coated substrates sintered at that temperature with films having a thickness _> 0.67 #m presented cracks. However, ZrO2 coatings thinner than 0.5 #m were found continuous and visually crack free. For the present work, samples having film thicknesses of 0.5 /zm and 0.7 /~m were used, and their electrochemical behavior was compared to that of bare 316 L stainless steel plates.
Characterization of the Films
Analysis of coated substrates was made by using a Rigaku Rotaflex diffractometer with a characteristic CuI~ radiation. X-ray diffraction data confirmed that the films densified at 800°C have the tetragonal ZrOz structure (111 peak at d = 2.98 .~). A FTIR spectrometer with a 400-4000 cm -1 range was used to obtain high resolution spectra of coatings; the measurements were performed by reflection at an incident angle of 30 °. Unsintered samples show characteristic OH bands at ,~3600 cm -1, Zr-O-C groups at 1476.8 cm -1 and 1452.8 cm -1, and Zr-O-Zr at 665.7 cm -1. During sintering, the OH and Zr-O-C bands disappear and the Zr-O-Zr band increases strongly. Details of these analyses can be found elsewhere [32] .
Electrochemical Measurements
A very convenient and precise way of evaluating the corrosion behavior of a material in a given medium is the recording of the complete polarization curve under potentiostatic control [42] . Thus, starting at the cathodic end, the electrode potential is anodically shifted in a continuous and slow fashion (e.g., 1 mV/s) until the (anodic) current reaches a pre-established maximum value. By means of appropriate software, it is possible to determine the Tafel slope for both cathodic and anodic processes. Linear least-squares fitting of the experimental data to the Stern-Geary equation [42] determines the point at which the anodic and cathodic current densities are equal in magnitude, thus yielding a zero net current. This point defines the corrosion potential (EcoT~) as well as the corrosion current density (i~o~).
The software also gives the polarization resistance (Rv) of the system. This last value is obtained by analysis of the linear response i vs. E close to the corrosion potential, which in turn can also be determined using Tafel slopes [42] . For actively dissolving metals, the two values of Eco~ described above must coincide, whereas this is not the case when the anodic branch of the polarization curve shows a region of passive or quasi-passive behavior. In the later case, the meaningful value of Eco~ is that measured at i ~ 0 and not the one obtained by extrapolation of the Tafel lines. Finally, the calculations also furnish the corrosion rate (C.R.), which is a measure in mils per year (MPY) of the amount of metal being dissolved in the medium under consideration.
A comparison of E~o~ values for different materials in the same medium allows one to establish the relative stability of those materials with regard to corrosion. The more anodic the value of E~o~, the higher the corrosion resistance of the sample. A similar analysis could be done using the values of the corrosion current; in this case, however, it is necessary to be sure that the cathodic reaction (either hydrogen evolution or oxygen reduction) remains unchanged between experiments, since i~o~T is much more sensitive than E~o~ to small changes in the cathodic branch of the polarization curve.
In the present work, the electrochemical measurements were performed using a PAR Model 273 Potentiostat/Galvanostat linked to a microcomputer for data acquisition and handling through the PAR Model 342 Corrosion Measurement Software. The experiments were carried out at room temperature in air-saturated aqueous NaCl solutions of various concentrations. The working electrodes employed were 316 L stainless steel plates, either bare or coated with ZrO2 of 0.5 ~m and 0.7 ~m thickness, respectively, immersed 1 cm into the solution. A Pt-foil was the secondary electrode while the reference electrode was of the saturated calomel type (SCE).
Results and Discussion
Figures 1-3 show the complete polarization curves obtained for the three samples under investigation in aqueous NaC1 solutions with concentrations 100, 200, and 300 g/dm 3, respectively. The curves were recorded a few minutes after immersion of the samples in order to allow stabilization of the system. Some experiments were also performed using 30 g/dm 3 NaC1, which simply confirmed the trends observed with other solutions. In all cases, the cathodic branch of the curves shows a tendency towards a plateau, probably due to a limiting current controlled by 02 diffusion in the NaCI solutions. In contrast, the anodic branch of the curves changes drastically in the presence of the coatings. The observed effects do not follow a logical sequence with the electrolyte concentration and/or the ZrO2 film thickness, but in most cases the quasi-passive region shown by the bare 316 L stainless steel is disrupted. This is a indication that the pitting of the surface is altered in the presence of the films [42] . Meanwhile, the most marked effect of the coatings on the corrosion behavior of 316 L stainless steel is the shift of the corrosion potential towards more noble values. This shift, that in some cases amounts to ~300 mV (figure 2), is a clear indication of the protective properties of the films with regard to the corrosion of stainless steel in ,',,,,~.~ ,, h,,,I ,,, h,,,I , ,, h,.
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-- 2  --I  00  01  2  3  5  I0  I0  I  I  I0  I0  104  I0 I (taA/cm 2 ) Fig. 2 . Same as Fig. 1 , but for aqueous NaCI, 200 g/dm 3 solution. NaC1 solutions. Tables 1-3 collect the electrochemical parameters obtained from the polarization curves by means of the corrosion software employed. In all cases, the experiments were repeated several times, and the results reported for bare 316 L stainless steel and ZrO2 (0.5 ~m) coatings correspond to mean values of at least three independent measurements which showed small variation (e.g., + 5 mV for E .... ). In the case of ZrO2 (0.7 ~m) coatings, the results were not reproducible from sample to sample; some extreme results are presented in Tables 1 and 2 . Moreover, the correlation between the different parameters measured was not logical, indicating that the system under study was not properly defined. This must be a consequence of the cracks present in the coating.
Disregarding the results obtained for ZrO2 (0.7 #m) coatings for the reason given above, Tables 1-3 show that the ZrO2 (0.5 #m) coatings have a profound effect on the corrosion behavior of 316 L stainless steel in aqueous NaC1 solutions. First, the corrosion potential is shifted in the anodic direction by up to 300 mV, making the material more resistant to the attacks by the medium. Second, the value of the corrosion current shows large variations from experiment to experiment, dropping by a factor of 17 in one of the cases ( Table 2 ). The combination of these results (l~,~o~r and i~o~) suggest that the bare material with the ZrO2 coating will have a much longer useful life than without it. Meanwhile, experiments carried out using bare 316 L stainless steel plates heat-treated at 800°C for 2 hours showed that this procedure also alters the corrosion behavior of the steel, raising some doubts in relation to the material to which the comparisons should be made. To overcome this problem, efforts are being made to found conditions and appropriate additives that could allow lower temperatures in the densification steps of the ZrO2 coatings.
Comparison of the data at different NaC1 concentrations is somewhat difficult since the solutions were air-saturated, meaning that 02 concentration will be lower for the more concentrated chloride solutions [42] . Nevertheless, The corrosion potentials move cathodicaily, but the corrosion currents (or rates) go through a maximum for the bare plates and through a minimum for the ZrO2 (0.5 #m) coatings. This must be a combination of the increment in chloride concentration, which makes the medium more aggressive, and the simultaneous depletion in 02 concentration, which decreases the rate of the prevailing cathodic reaction under these conditions. It also indicates that the electrochemical reactions occurring on both types of materials should be different; a detailed knowledge of this will require further studies. Apart from those effects, the overall results indicate once again that the ZrOz coatings has an efficient protective role against the corrosion of 316 L stainless steel. These findings qualitatively confirm previous observations [32, 33] , where the corrosion behavior of similar samples was measured through weight gains in air and weight losses in 15% H2SO4 at elevated temperatures. However, the electrochemical techniques employed here are much more sensitive than the previous ones, and useful quantitative information can be obtained in short times.
Conclusion
With a single dip-coating procedure, crystalline films of ZrO2 with a tetragonal structure can be produced on 316 L stainless steel sheets. The results show that ZrOz coatings of about 0.5 #m in thickness provide an effective corrosion protection of these metal substrates in aqueous NaC1 solutions. Thicker films present cracks after air densification at 800°C and are less protective.
